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selectively manipulating small classes of
dopamine neurons in the fruit fly. These
experiments yield a neural circuit that
sets the threshold of food acceptance,
conferring taste memory.
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Taste memories allow animals to modulate feeding
behavior in accordance with past experience and
avoid the consumption of potentially harmful food
[1]. We have developed a single-fly taste memory
assay to functionally interrogate the neural circuitry
encoding taste memories [2]. Here, we screen a
collection of Split-GAL4 lines that label small popula-
tions of neurons associated with the fly memory
center—the mushroom bodies (MBs) [3]. Genetic
silencing of PPL1 dopamine neurons disrupts condi-
tioned, but not naive, feeding behavior, suggesting
these neurons are selectively involved in the condi-
tioned taste response. We identify two PPL1 sub-
populations that innervate the MB a lobe and are
essential for aversive taste memory. Thermogenetic
activation of these dopamine neurons during training
induces memory, indicating these neurons are suffi-
cient for the reinforcing properties of bitter tastant
to the MBs. Silencing of either the intrinsic MB neu-
rons or the output neurons from the a lobe disrupts
taste conditioning. Thermogenetic manipulation of
these output neurons alters naive feeding response,
suggesting that dopamine neurons modulate the
threshold of response to appetitive tastants. Taken
together, these findings detail a neural mechanism
underlying the formation of taste memory and pro-
vide a functional model for dopamine-dependent
plasticity in Drosophila.
RESULTS AND DISCUSSION
Animals form robust taste memories in order to modify food
choice in accordance with prior experience [1, 4]. In both flies
and mammals, bitter-tasting quinine is a potent inducer of aver-
sive taste memory [2, 5, 6]. Applying fructose solution to the tarsi
(feet) of a starved, tethered fly induces the proboscis extension
reflex (PER), a robust feeding behavior [2, 7]. PER can be modi-
fied based on previous experience [8]. The repeated paired
application of fructose to the tarsi and quinine to the proboscis
results in a robust reduction of the PER response to the subse-
quent application of fructose alone [2]. Here, we investigate the
neural circuitry regulating aversive taste memory in Drosophila.Current Biology 25, 15Although taste neurons localize to many areas of the body,
including the wings, ovipositor, and internal mouthparts, the ma-
jority of taste sensillae reside on the tarsi and labellum [9, 10].
These sensillae contain the dendrites of gustatory neurons that
express defined subsets of 68 gustatory receptors (Gr) [11,
12]. The gustatory system contains distinct functional classes
of neurons that confer attraction or repulsion to tastants [13].
Sweet-sensing neurons express an array of sugar receptors,
including Gr5a, Gr61a, and a number of Gr64 receptors, and
are required for the response to all tested sugars, glycerol, and
fatty acids, while bitter-sensing neurons are marked by expres-
sion of the bitter receptor Gr66a and respond to bitter sub-
stances [14–18]. Artificial activation of sugar-sensing neurons
in the proboscis or tarsi triggers feeding response, while activa-
tion of bitter-sensing neurons in the proboscis triggers avoid-
ance [2, 19, 20]. Primary taste neurons project to distinct regions
of the subesophageal zone (SEZ) depending on the peripheral
locations of the sensory dendrites as well as on the particular
Gr they express [17, 21]. The SEZ then transmits taste signals
to higher-order brain structures that regulate feeding choice
and conditioned taste memory [2, 22]. The mushroom body
(MB) comprises a central brain neuropil consisting of 2,200
intrinsic and extrinsic neurons that are required for many types
of fly memories, including gustatory memory [23–25]. The MBs
are required for aversive taste memory, but the neural circuitry
through which the MBs receive and transmit information during
taste conditioning has not been identified [8, 22].
The neurotransmitter dopamine is implicated in learning and
memory in insects, and the fly brain contains 300 dopamine
neurons (DANs) that project to diverse brain regions, including
the MBs. Dopamine regulates memory formation in a number
of different modalities including visual memory and multiple
forms of olfactory memory [3, 26–28]. We employed a single-
fly aversive taste memory assay where flies form conditioned
PER suppression following the simultaneous pairing of quinine
and fructose (Figure 1A; [2, 8]). To examine the role of dopamine
in aversive taste memory, we silenced the majority of DANs
by expressing the temperature-sensitive dominant-negative
dynamin GTPase Shibire (ShiTS1) under control of tyrosine
hydroxylase-GAL4 (TH-GAL4) and tested flies for memory
([30, 31]; Figures 1B and 1C). Silencing of TH-GAL4-labeled
DANs, including the PPL1, PPL2, and portion of PAM clusters
of neurons that project to the MB, for the entire period prior
to training through testing impairs aversive taste memory,
thoughmemory is not completely abolished, suggesting a dopa-
mine-independent component or involvement of DANs that
are not labeled by TH-GAL4 (Figure 1D). The reduction in PER35–1541, June 1, 2015 ª2015 Elsevier Ltd All rights reserved 1535
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Figure 1. Aversive Taste Conditioning Is Dependent on Neurotransmission from DANs
(A) Schematic of aversive taste memory assay. A pretest of stimulation with 100 mM fructose (pink) alone is followed by three training trial triplets, where fructose
is immediately followed by the application of 10 mM quinine (green) to the extended proboscis. Only fructose is provided during the test, and PER is measured.
(B) A fly brain expressing CD8::GFP under control of TH-GAL4 (green) reveals broad ramifications of DANs throughout the central brain. Background staining is
nc82 antibody (blue). The scale bar represents 20 mm.
(C) Dopamine clusters that are labeled by TH-GAL4 are innervating vertical lobes (PPL1) and horizontal lobes (PAM) of the MBs as well as other brain neuropiles
(modified from [29]).
(D) Average of performance index during testing reveals TH-GAL4>UAS-ShiTS1 (pink) flies do not suppress PER after pairing fructose with quinine to the levels of
control flies (n = 10–22).
(E) Flies expressing ShiTS1 in TH-GAL4 neurons (TH-GAL4>UAS-ShiTS1) show a significant reduction in PER suppression as early as the second training trial when
tested at the non-permissive temperature of 32C, but not at the permissive temperature of 25C, when TH-GAL4 neurons are active (n = 10–22).
All data represent the mean ± SEM; **p < 0.01, ***p < 0.001.suppression was significant after two training trials and persisted
during testing in the absence of bitter quinine (Figure 1E). These
findings suggest synaptic release fromDANs is required for aver-
sive taste memory.
We screened a collection of 29 split-GAL4 lines that selec-
tively and sparsely label MB-innervating DANs for aversive
taste memory [3, 32]. Small populations of DANs were silenced
by expressing ShiTS1 in neurons labeled by dopamine-specific
split-GAL4 lines. Experimental flies harboring both split-GAL4
and UAS-ShiTS1 transgenes were compared to controls har-
boring UAS-ShiTS1 alone (Figures S1A and S1B). We found
impaired memory in four lines that drive expression in sub-
populations of PPL1 neurons and in two lines that label PAM
neurons, indicating that these two dopamine populations are
required for aversive taste memory (Figure 2A; Figures S1B
and S1C).
Monitoring of PER during the three training trials revealed
that silencing of PPL1 subpopulations impairs PER suppression
as early as the second training trial (MB065B and MB502B) or
during the third training trial (MB060B and MB504B), and this
phenotype persists during testing in the absence of quinine (Fig-
ure 2B). Twelve cells in the PPL1 cluster include six cell types of
DANs that innervate the vertical and lateral horizontal portion of1536 Current Biology 25, 1535–1541, June 1, 2015 ª2015 Elsevier LttheMB lobes [3, 27, 33–35] named after the sites of innervation in
the MB lobes: PPL1-a02a2 (MB-V1), PPL1-a3, PPL1-a03, PPL1-
g2a01 (MB-MV1), PPL1-g1pedc (MB-MP1), and PPL1-g1. The
lines MB060B, MB065B, MB502B, and MB504B, which were
identified as hits in the screen, label overlapping subsets of these
PPL1 neurons (Figure 2C). All identified lines show strong
expression in the combination of PPL1-a02a2 (MB-V1) and
PPL1-a3, suggesting dopamine signaling to the vertical lobes
of the MBs is critical for aversive taste memory (Figures 2B
and 2C). Silencing only one of these dopaminergic neuron pop-
ulations (MB058B) did not lead to disruption of the taste memory
(Figures 2C and S1A), suggesting that the collective action of
these DANs may be required. Previous studies showed that
PPL1-g1pedc (MB-MP1) mediates the reinforcing property of
electric shock and bitter taste for olfactory and visual learning
[28, 29, 36, 37]. Interestingly, we found a strong impairment of
taste memory by MB060B and MB065B, lines that broadly label
PPL1 DANs, but not the PPL1-g1pedc (MB-MP1). PPL1-g1pedc
(MB-MP1) and PPL1-g2 a01 (MB-MV1) regions were shown to be
involved in aversive olfactory memory [36], and these regions are
labeled by linesMB438B andMB439B, which conversely did not
show a taste memory impairment (Figures 2C and S1A). There-
fore, these findings indicate different PPL1 neurons regulated All rights reserved
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Figure 2. PPL1 Neurons Are Required for Aversive Taste Memory
(A) Mean PER suppression for PPL1-expressing lines during testing shows impaired PER suppression in flies expressing TRPA1 and tested at 32C (pink)
compared to controls harboring split-GAL4 constructs alone (black) or tested at 25C (cyan). n = 10–56.
(B) Aversive taste memory was disrupted when four lines that express in the PPL1 cluster of DANs were silenced: MB060B (n = 10–29), MB065B (n = 12–56),
MB502B (n = 10–27), andMB504B (n = 10–36) (p < 0.05). Lower panels: Innervation patterns of PPL1 neurons inMB lobes visualized with pJFRC225-5xUAS-IVS-
myr::smGFP-FLAG reporter in VK00005. The scale bar represents 20 mm.
(C) Specific expression of identified PPL1 DANs. Only the MB-V1 andMB-a3 clusters are present in all the identified lines. The gray scale represents subjectively
determined intensity of terminals in the MB.
All data represent the mean ± SEM; *p < 0.05, **p < 0.01, ***p < 0.001.aversive taste memory and aversive olfactory memory. Whether
the different subsets represent the distinction between two
learned modalities (taste versus olfaction), the difference be-
tween the reinforcers (quinine versus electric shock), or the dif-
ference between the behaviors (PER versus avoidance walking
response) needs to be further investigated by varying the condi-
tioning properties and testing protocol within each behavioral
assay.
Activating PPL1 or PAM clusters of DANs can substitute for
the unconditioned stimulus in the induction of associative olfac-
tory or visual memory [28, 29, 37–39]. PPL1s were shown to
function in aversive memory, whereas PAM clusters were
shown to function primarily in reward memory [27, 34, 40]. We
therefore asked whether activation of the PPL1 neurons we
identified is sufficient to provide the aversive conditioning cue
in the absence of aversive quinine. Infrared-based activation
of neurons expressing Drosophila transient receptor potential
A1 (TRPA1) has been shown to have precise temporal and
spatial specificity [2, 41–43]. Tethered flies expressing the
thermo-receptor TRPA1 under control of split-GAL4 lines label-
ing PPL1 neurons were trained by providing fructose to theirCurrent Biology 25, 15tarsi while the PPL1 neurons were activated with an infrared
laser. We targeted the laser beam to the head of the fly to
specifically activate DANs in the brain, but not in the ventral
nerve cord (Figure 3A). Significant PER suppression was
observed in all four lines, MB065B, MB060B, MB502B, and
MB504B (Figures 3B and S2). The time course of PER suppres-
sion by direct activation of these PPL1 DANs during training
was comparable to that obtained when using quinine paired
with fructose (Figure 3C). There was no effect of infrared light
targeting in flies harboring either the UAS-TRPA1 transgene
or the split-GAL4 driver alone, indicating that the PER suppres-
sion observed following PPL1 activation is specific to TRPA1
activation in target neurons. Thus, activation of PPL1 DANs
labeled by these lines is both necessary and sufficient for
the formation of aversive taste memory (Figures 3B, 3C, and
S2A–S2C). We also tested MB058B line expressing in a sub-
population of identified DANs (Figure 2C) but did not achieve
significant memory, suggesting that perhaps a larger subset
of DANs is necessary for functional reinforcement in taste mem-
ory (Figure S2D). To confirm that formation of aversive taste
memory is specific to these lines, we tested line MB438B that35–1541, June 1, 2015 ª2015 Elsevier Ltd All rights reserved 1537
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Figure 3. Thermogenetic Activation of PPL1 DANs Substitutes for a Bitter Punishment
(A) Schematic of inducible activation of DANs. Infrared laser stimulation (yellow) is substituted for quinine stimulation to activate DANs following the application of
fructose (pink).
(B) Activation of four lines labeling the PPL1 cluster (black) that are required for memory formation result in significant PER suppression. Flies harboring GAL4
transgenes (red) or UAS-TRPA1 (green) alone showed no reduction (MB502B) or no significant reduction (all other lines) compared to naive response (n = 10–15).
(C) Pairing laser stimulation with the presentation of fructose in flies expressing UAS-TRPA1 under the control of MB060B-GAL4 results in PER suppression
during training and test (black). Pairing fructose with quinine (without laser stimulation) also leads to PER suppression to a similar level (blue). Unpaired pre-
sentation of laser and fructose (gray), where laser onset precedes fructose application, does not lead to PER suppression. Control flies harboring GAL4
transgenes (red) or UAS-TRPA1 (green) alone showed no significant suppression of PER (n = 10–15).
All data represent the mean ± SEM; *p < 0.05, **p < 0.01, ***p < 0.001.expresses in a dopamine cluster previously shown to be in-
volved in formation of aversive olfactory memory [29]. Activation
of these neurons together with fructose presentation did not
elicit any PER suppression (Figure S2E).
The formation of memory requires simultaneous presentation
of the conditional and unconditional stimuli, and the unpaired
presentation of fructose and the activation of bitter-sensing neu-
rons fail to induce memory [2]. Unpairing dopamine neuron acti-
vation and fructose by presenting fructose following infrared
stimulation did not induce PER suppression, supporting the
notion that the activation of PPL1 neurons serves as a predictive
unconditional stimulus (Figure 3C). Therefore, the formation of
aversive taste memory requires coincident thermogenetic acti-
vation of the PPL1-a02a2 (MB-V1) and PPL1-a3 with fructose
presentation.
To verify previous reports suggesting the MBs are required for
aversive taste memory [8], we assayed lines broadly labeling the
MBs as well as lines that selectively label the g neurons, the a/b
neurons, or the a0/b0 neurons [3]. Silencing of MB-specific lines
reveals a significant defect in tested lines widely expressing in
MB intrinsic neurons (MB010B and MB152B) as well as in
more specific lines, including MB009B and MB131B, which
exclusively label g, and MB418B, which labels a0/b0 neurons,
suggesting multiple subtypes of neurons are required for mem-
ory formation (Figure S3).
While the MBs are known to be required for taste memory,
the neuronal targets and downstream output neurons regu-
lating aversive taste memory have not been previously identi-
fied [8]. We tested 26 lines that selectively label mushroom
body output neurons (MBONs) and found that memory was
impaired when synaptic output was blocked for the duration
of the memory assay in three lines expressing in MB outputs
from vertical lobes (Figures 4A and 4B). The line MB080C labels
MBON-a2sc (MB-V2a), which has dendrites located exclusively
in the a2 compartment of the MB vertical lobes, which is inner-
vated by the identified PPL1-a02a2 (MB-V1) neurons [3, 44].
The other line, MB050B, labels MBON-a2sc (MB-V2a) and
additional MBONs in the same cluster. Common expression1538 Current Biology 25, 1535–1541, June 1, 2015 ª2015 Elsevier Ltof MBON-a2sc suggests an essential role for this MBON cell
type in aversive taste memory. The third line (MB542B) labels
MBON-a2p3p projecting from the a2 compartment, but not in
the MBON-a2sc subset. These findings support a model in
which DANs signal to the vertical MB lobes, resulting in altered
MB output that is critical for the formation of aversive taste
memory (Figure 4C).
Taste memory involves experience-dependent changes in the
naive response to tastants. The MBs are essential for condi-
tioned changes in PER but dispensable for innate feeding
behavior [8, 45, 46]. Our findings raise the possibility that the in-
duction of taste memories involves modulation of synaptic
signaling in the MB by the MB-V1/a3 population of PPL1 DANs
that in turn alters the output of a subset of MBONs adjusting
the naive response to fructose. To test this hypothesis, we
silenced or activated the identified MBONs with ShiTS1 or
TRPA1, respectively, and measured the naive response to a
range of fructose concentrations and a high concentration of su-
crose. The silencing of a2a3/a03MBONs labeled by the MB542B
line through targeted expression of ShiTS1 increased PER in
response to low concentration of fructose when tested at 32C
but did not alter the response to high concentrations of sugars,
suggesting these neurons suppress PER under innate conditions
(Figure 4D). Conversely, flies expressing TRPA1 in the same
populations of MBONs responded normally to low concentra-
tions of fructose but suppressed PER response to high concen-
trations of fructose and sucrose when tested at 32C (Figure 4E).
We observed similar changes in the lines MB050B and MB080C
expressing ShiTS1 (Figures S4C and S4D). At the non-permissive
temperature of 32C, the response to 1–100 mM fructose
increased but did not differ at 1 M fructose. Conversely, expres-
sion of TRPA1 under control of MB080C reduced response to
high concentrations of both sugars, but not to low concentration
of fructose (Figure S4C). Expressing TRPA1 in MB050B led to a
significant reduction in PER to high and low concentration of
sugars (Figure S4D), suggesting that activation of these neurons
modulates the threshold for sugar response, independent of
their concentration. We did not observe any changes in PERd All rights reserved
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Figure 4. The a2 MB Output Neurons Modulate Naive Sugar Response
(A) Average PER suppression reveals impaired memory in flies expressing ShiTS1 in a2 MBONs at 32C (pink) compared to controls harboring Split-GAL4
constructs alone (black) or tested at 25C (cyan) (n = 10–36).
(B) Three independent lines that label the a2 MBONs disrupt taste memory when used to express ShiTS1 and tested at non-permissive temperature of 32C (red):
MB050B (n = 12–17), MB080C (n = 11–36), andMB542B (n = 10–33). Lower panels: Innervation patterns of the identified MBONs lines visualized with pJFRC225-
5xUAS-IVS-myr::smGFP-FLAG reporter in VK00005. The scale bar represents 20 mm.
(C) Possible pathway regulating aversive taste conditioning. Identified DANs of PPL1 cluster project to regions of vertical lobes of MBs, including a2 and a3.
MBONs project from the a2 region of MBs to dorsal region of the lateral horn (MB080C and MB050B) or to superior medial protocerebrum (MB542B).
(D) ShiTS1 expressing in the identified output neurons (MB542B) blocks activity of these neurons at a restrictive temperature of 32C (red), leading to increased
PER to low sugar concentrations compared to measurement at permissive temperature of 25C (blue) (n = 23–31).
(E) Flies expressing TRPA1 in the same output neurons (MB542B) reduce their PER response to high concentrations of sugars upon activation of TRPA1 (red) at an
elevated temperature of 32C compared to control measured at a low temperature of 25C (blue) (n = 34–38).
All data represent the mean ± SEM; *p < 0.05, **p < 0.01, ***p < 0.001.when only UAS-TRPA1 or UAS- ShiTS1was present (Figure S4B).
No such effect was observed after silencing or activating
selected MBONs that regulate taste-related memory [44] but
are not required for taste aversive memory (Figures S4E–S4G).
Further, no effect on PER was observed after silencing or
activating MB-V1/a3 dopamine lines that are required for aver-
sive taste memory, suggesting that the modulation of naive
feeding response is downstream of MBs, but not upstream (Fig-
ures S4H–S4K). These findings provide evidence that the
MBON-a2sc (MB-V2a) and MBON-a2p3p neurons modulate
food acceptance in accordance with previous feeding experi-
ence. Therefore, we have identified dopaminergic inputs to the
MBs and MBONs that appear to change the response threshold
for taste neurons gating PER to mediate aversive taste condi-
tioning responses.Current Biology 25, 15Conclusions
Diverse dopaminergic neuronal populations are involved in
distinct types of learning and memory, including different behav-
iors and different modalities [27–29, 33, 34, 36, 40, 45, 47].
Therefore, it is possible that these DANs are activated by distinct
sensory modalities, are specific for particular behaviors, and
modulate distinct regions of the MBs. Thermogenetic activation
of the PPL1 DANs to the MB vertical lobes is sufficient to induce
memory formation in the absence of quinine reinforcement,
supporting the notion that these DANs are activated by bitter-
sensing neurons and signal the aversive cue to the MBs. Activa-
tion of PPL1 neurons was previously shown to be sufficient to
elicit aversive olfactory memory when activated during pre-
sentation of the conditioned stimulus [2, 36]. Furthermore, a
different subpopulation of PPL1 neurons, MB-MP1, is required35–1541, June 1, 2015 ª2015 Elsevier Ltd All rights reserved 1539
for olfactory memories conditioned with aversive DEET provided
as a tastant [37]. These findings raise the possibility that distinct
subsets of PPL1 neurons are differentially involved in reinforcing
not only different modalities but also different aversive taste
memories within theMBs and highlight the need for interrogating
memory circuitry at the sub-cluster or single-neuron levels.
Taken together, we identify a neural circuit where the a2/a3
population of PPL1 DANs signals through the a neurons in the
MBs and likely confers conditioned changes in the a2 popula-
tions of MBONs that alter the naive taste response, resulting in
an acquired, conditioned aversive response to appetitive tast-
ants. Therefore, these findings establish the outlines of a central
brain dopamine-modulated circuit that modulates conditioned
taste aversion.
EXPERIMENTAL PROCEDURES
Fly Stocks and Maintenance
Drosophila stocks weremaintained on standard cornmeal, agar, andmolasses
medium (Jazz mix, Fisher Scientific) at 25C and 60% humidity in a light/dark
(LD) incubator with 12:12 LD cycle. The split-GAL4 lines used in this study are
described in [3]. Further information and line generation is available at http://
splitgal4.janelia.org/cgi-bin/splitgal4.cgi. For more details, see Supplemental
Experimental Procedures.
Gustatory Taste Memory
PER induction was performed in 1-week-old mated females as described pre-
viously [2, 17]. For more details, see Supplemental Experimental Procedures.
Thermogenetic Manipulation of Neural Function
Flies were prepared as described above for behavioral experiments [2]. For
neural activation experiments, each GAL4 line was crossed to UAS-TRPA1
or WT control (Canton-S). Flies were water satiated, and the laser beam was
focused on head. The laser setup is described in [2] and the Supplemental
Experimental Procedures.
For experiments silencing neural subsets, split-GAL4 males were crossed to
virgin females harboring a UAS-ShiTS1 transgene [31]. To inactivate neurons, we
placed the glass slide on a heat block (AccuBlock, Labnet International) at 32C.
Neurons were inactivated throughout the pretest, training, and testing process.
Taste Preference
PER response was used to measure feeding response to fructose
(1–1,000mM) and sucrose (1,000mM). The assaywas performed as described
previously [16]. See Supplemental Experimental Procedures for details.
Statistics
Each genotype represents >10 flies assayed. Statistical analyses were per-
formed using InStat software (GraphPad Software). During single pretest,
three training sessions, and test, each fly was sampled three times with the
same tastant in each session (total 15 stimulations per experiment), and their
responses were pooled for values ranging from zero to three per session.
Group analysis using multiple t test and Sidak-Bonferroni multiple comparison
method for statistical significance was performed on the raw data from single
flies for comparison of different genotypes and/or different experimental con-
ditions (32C versus 25C). Wilcoxon signed-rank test (non-parametric) with
two-tailed p value was used to test memory score significance in single
groups. In figures, graphs bars are mean values, and error bars are SEM.
The significance level of statistical tests was set to 0.05. p values in figures
are shown as *p < 0.05, **p < 0.01, and ***p < 0.001.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures
and four figures and can be found with this article online at http://dx.doi.org/
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